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Abstract 
The mechanisms of dislocation/precipitate interaction as well as the critical resolved shear 
stress were determined as a function of temperature in a Mg–4 wt.% Zn alloy by means of 
micropillar compression tests. It was found that the mechanical properties were independent of 
the micropillar size when the cross-section was > 3 × 3 µm2. Transmission electron microscopy 
showed that deformation involved a mixture of dislocation bowing around the precipitates and 
precipitate shearing. The initial yield strength was compatible with the predictions of the 
Orowan model for dislocation bowing around the precipitates. Nevertheless, precipitate 
shearing was dominant afterwards, leading to the formation of slip bands in which the rod 
precipitates were transformed into globular particles, limiting the strain hardening. The 
importance of precipitate shearing increased with temperature and was responsible for the 
reduction in the mechanical properties of the alloy from 23 ºC to 100 ºC. 
 
 
Keywords: Mg alloys; precipitation hardening; precipitate shearing; dislocation/precipitate 
interactions 
 
 
 
 
 
Acta Materialia. Accepted for publication. 
January 2020 
 
 
2 
 
1. Introduction 
Low density, good castability, high specific strength and stiffness, and reasonable cost make 
Mg alloys attractive for different applications. Despite these advantages, poor formability and 
ductility at room-temperature as well as the limited yield strength restrict their use as a 
conventional engineering material for structural applications [1–5]. The origin of these 
limitations in Mg and Mg alloys is related to their hexagonal close-packed (hcp) crystal 
structure, which leads to large differences in the critical resolved shear stresses (CRSS) to 
activate different deformation modes at low temperature (below 100 °C). The CRSS for <a> 
basal slip in pure Mg is ≈ 0.5 MPa at room-temperature [6–8], much lower than the CRSS for 
<a> prismatic slip (≈ 18 MPa) and for <c+a> pyramidal slip (≈ 40 MPa) [9,10]. As a result, 
basal slip is always the dominant deformation mechanism in Mg alloys, limiting the strength 
and also the ductility because of the localization of deformation in clusters of grains suitably 
oriented for basal slip [11]. Moreover, basal slip cannot account for the deformation along the 
c axis of the Mg lattice which is normally accommodated by twinning across the {101'2} planes. 
Twining is a polar mechanism which is only activated by stress states leading to an extension 
of the c axis and, thus, gives rise to a strong plastic anisotropy in textured Mg alloys that also 
reduces the formability and the ductility.  
Obviously, the strength and ductility of Mg alloys can be improved by increasing the CRSS of 
basal slip through either solid solution and/or precipitate hardening. Nevertheless, accurate 
experimental data on the effect of solute atoms or precipitates on the CRSS for basal slip are 
scarce because they are difficult to obtain from mechanical tests in polycrystalline samples 
because of the superposition of different strengthening contributions (grain boundaries, latent 
hardening, texture) that cannot be easily isolated [12]. The most reliable data were obtained 
from mechanical tests on single crystals strengthened by solid solution [13–15] or precipitates 
[14–16] that can be tested along specific crystallographic directions to ensure that only basal 
slip is activated. Nevertheless, this technique is extremely time consuming and expensive 
because of the cost associated with the manufacturing of the single crystals.  
Alternatively, micromechanical testing techniques based on compression of single crystal 
micropillars or nanopillars manufactured by focused ion beam milling from polycrystals have 
been applied in the last decade to explore the different deformation modes of Mg [17–22] and 
Mg alloys [23–27]. More recently, micropillar compression tests have been used to determine 
the influence of solid solution elements on the CRSS for basal slip in Mg alloys [28]. The main 
limitation of these micromechanical testing techniques to obtain reliable values of the CRSS is 
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found in the strong size effects that appear when the volume of the specimen tested is of the 
order of tenths of µm3 [20,29–32]. The origin of this size effect has been thoroughly analyzed 
in the past [30] and comes about as a result of the interaction between the critical dimensions 
of the specimen (i.e. the diameter of the micropillar) and material length scale that controls the 
strength (i.e. the average distance between dislocations or precipitates). Size effects appear 
when the latter approaches the former and tend to be very strong in well-annealed fcc and hcp 
metals and alloys deformed along the soft modes. However, size effects during micropillar 
compression tests are negligible in precipitation hardened alloys when the precipitate spacing 
is much lower than the micropillar dimensions [33]. 
In this investigation, the effect of precipitates on the CRSS for basal slip at 23 ºC and 100 ºC 
was analyzed by means of micropillar compression tests in an Mg–4 wt.% Zn alloy which was 
aged at different temperatures to produce different precipitate distributions. This alloy was 
selected because the 𝛽+#  precipitates, which form as elongated rods along the c axis of the Mg 
matrix, lead to one of the strongest age hardening responses among Mg alloys [34,35]. 
Although the mechanical properties of the Mg-Zn alloy are well-established [36], the CRSS 
for basal dislocations in this system has only been studied in [24,37]. Chung and Byrne [37] 
measured the CRSS in Mg-5.1 wt.% Zn alloy from -269ºC to 27ºC using tensile tests of single 
crystals in alloys aged at 200ºC for 4 and 28 h. The presence of 𝛽+#   precipitates was ascertained 
by transmission electron microscopy but no information was provided regarding the 
precipitates (diameter and spacing) and the dislocation/precipitate interactions. Wang and 
Stanford [24] measured the CRSS by compression of circular micropillars of 2 µm in diameter 
at 23ºC of a Mg- 5 wt.% alloy aged at 150ºC during 8 days. They reported the actual values of 
the precipitate diameter and spacing but they did not check the effect of the micropillar 
diameter on the CRSS. They showed one low magnification transmission electron micrograph 
(Fig. 8b [24]), which was compatible with precipitate shearing, but the details of the 
dislocation/precipitate interaction mechanisms were not studied. In this paper, the effect of the 
micropillar size on the mechanical response was carefully analyzed to obtain results of the 
CRSS that were independent of the micropillar size and could be compared with the 
precipitation hardening models available in the literature. Moreover, the details of the 
dislocation/precipitate interactions were carefully examined as a function of temperature and 
provided new insights in the limited efficiency of precipitate strengthening in Mg alloys, as 
compared with other metallic alloys. 
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2. Experimental methods 
2.1. Processing 
A Mg–4 wt.% Zn alloy was prepared from high purity Mg (99.90 wt.%) and Zn (99.99 wt.%) 
pellets. They were melted using a graphite crucible in an induction furnace (VSG 002 DS, PVA 
TePla) under a protective Ar atmosphere to avoid oxidation. The melt was held at 750 °C for 
about 10 min to provide a homogeneous composition and was poured into a copper die, 
installed inside the furnace chamber, using a tilt-casting system to minimize casting defects 
and the melt turbulence. The cast rods, with diameter of 12 mm and height of 150 mm, were 
put in quartz capsules under an Ar protective atmosphere and homogenized at 450 °C for 15 
days to homogenize the composition and to promote grain growth. The samples were cut into 
small cylinders of 12 mm in diameter and 18 mm in height, and hot compressed at 400 °C up 
to 30 % strain in a Gleeble 3800 thermo-mechanical simulator. Deformation was applied to 
increase the dislocation density in order to promote grain growth in the following annealing 
step.  Afterwards, they were subjected to a solution heat treatment at 450 °C for 20 days in 
quartz capsules under an Ar protective atmosphere. Finally, they were aged at 149 °C for 100 
h and at 204 °C for 16 h to create precipitates with different size. These aging conditions were 
chosen from the literature [38] and hardness experiments.  
2.2. Microstructural Characterization  
Cross-sections of the aged samples were prepared for electron backscatter diffraction (EBSD) 
analysis. They were polished using a MD-Mol cloth with a 3 μm diamond paste, followed by 
polishing with MD-Nap cloth with 0.25 μm diamond paste. Finally, the samples were 
chemically polished using a solution of 75 ml ethylene glycol, 24 ml of distilled water and 1 
ml of nitric acid to remove any residual surface damage and also to reveal slightly the grain 
boundaries. EBSD measurements were carried out in a dual-beam field emission gun scanning 
electron microscope (SEM) (Helios Nanolab 600i FEI) equipped with an Oxford-HKL electron 
back scattered system. They were conducted at an accelerating voltage of 20 kV and a beam 
current of 2.7 nA, using a step size of about 2-4 μm, depending on the magnification. 
Afterwards, the grain size and crystal orientation obtained from the EBSD data were used to 
choose the most appropriate grains for studying basal dislocations/precipitate interactions.  
The morphology of the precipitates was studied both before and after deformation through 
transmission electron microscopy (TEM) (FEI Talos F200X) at 200 kV. Lamellae with an 
5 
 
approximate thickness of 100 nm were milled with a focused ion beam (FIB) (Helios Nanolab 
600i FEI) using a Ga+ ion beam with an accelerating voltage of 30 kV.  
2.3. Micro-mechanical characterization 
Micropillars were milled with a focused ion beam in grains suitably oriented for basal slip 
when deformed in compression. To this end, grains with Schmid factor (SF) higher than 0.45 
for the basal slip and below 0.25 for twinning and prismatic slip were selected. The micropillars 
were milled with a square cross-section to facilitate the observation and analysis of the slip 
traces on the lateral surfaces. Different pillar sizes with cross sections of 1×1, 3×3, 5×5 and 
7×7 𝜇𝑚. were prepared to investigate the size effect on the deformation. Hereafter, for 
simplicity, these pillars will be denominated 1, 3, 5 and 7 µm micropillars, respectively. In all 
cases, the height-to-length aspect ratio was approximately between 2:1 and 3:1 to avoid 
buckling for higher aspect ratios, or non-uniform stresses along the length for lower aspect 
ratios [39,40]. The FIB milling process was performed using the annular technique with a Ga+ 
ion beam at an accelerating voltage of 30 kV. A beam current of 9.3 nA was used for the coarse 
milling step, and a small ion beam current of 40 pA was employed for the final polishing step 
to minimize the ion implantation on the surface. During the final milling step, the stage was 
tilted 2° more with respect to the ion beam axis to reduce the taper angle, which was always 
below 1º. It should be noted that annular milling (as compared with lathe milling) minimizes 
the influence of Ga+ implantation on the deformation mechanisms and mechanical properties 
of the micropillars [41]. Moreover, no obvious effect of Ga+ implantation was detected near 
the surface of the pillars. 
The micropillar compression tests were performed at both room-temperature (23 °C) and  
100 °C using a TI950 TriboindenterTM (Hysitron, Minneapolis, MN). The load was applied 
with a diamond flat punch tip with diameter of 10 µm installed in the low-load transducer. All 
tests were performed in the displacement-control mode at a strain rate of  
≈10-3 s-1 up to a maximum strain of 10%. At least two tests were performed for each micropillar 
size and temperature to ensure the reproducibility of the results. The experimental load-
displacement curves were corrected to account for the extra compliance due to the elastic 
deflection of the pillar into the substrate following the Sneddon method [29,42]. The corrected 
curves were converted to the engineering stress (s)-engineering stain (e) curves based on the 
initial cross-section area and height of the pillars measured after the milling process. They were 
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transformed into resolved shear stress (𝜏011)-strain (e) curves (𝜏011 = 𝜎 × 𝑆𝐹) to compare the 
results obtained in different grains. 
After deformation, the micropillars were carefully examined using high-resolution scanning 
electron microscopy (HR-SEM) to analyze the slip traces that appeared on the lateral surfaces. 
Additionally, several of the deformed micro-pillars were further analyzed by transmission 
Kikuchi diffraction (TKD) to elucidate the mechanisms involved during deformation. The 
lamellae used for TKD were prepared using the same methodology used for milling lamellae 
for TEM studies. The TKD mapping was carried out in the FEI Helios NanoLab 600i SEM 
with the specimen oriented horizontally. The electron beam was operated at 15 kV with a beam 
current of 2.7 nA. The TKD maps were collected with step size of 100 nm.  
 
Fig. 1. STEM micrographs showing the elongated precipitates parallel to the c-axis of the Mg matrix 
in: (a) alloy aged at 149 °C for 100 h and (b) aged at 204 °C for 16 h. The red arrows in (a) and (b) are 
parallel to the c-axis of the Mg matrix. (c,d) HRTEM micrographs showing the shape and size of the 
precipitates in the material aged at 149 °C for 100 h in a section parallel to the basal plane of the Mg 
matrix. The corresponding selected area electron diffraction patterns of the Mg matrix are included in 
each figure. 
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3. Results 
3.1. Morphology of the precipitates 
High magnification TEM micrographs of the material after aging at 149 °C for 100 h and at 
204 °C for 16 h are presented in Fig. 1, showing the general morphology of the precipitates. 
The scanning transmission electron microscopy (STEM) tomography movie of the precipitates 
in the material aged at 149 °C for 100 h is also shown in the supplementary material (Fig. S1). 
The rod-shape precipitates grew along the c-axis of matrix (Figs. 1a, 1b, and S1), and presented 
a more or less equiaxed cross section in the basal plane (Figs. 1c and 1d). The length and 
diameter distributions of the precipitates were determined based on the STEM micrographs of 
lamellas parallel and perpendicular, respectively, to the c axis of the Mg matrix using ImageJ 
and are shown in Fig. 2. The diameter was determined from the total area of the cross-section 
assuming a circular shape. The average length and diameter of the precipitates in the material 
aged at 149 °C for 100 h were 146 ± 10 nm and 9.7 ± 2 nm, respectively. These results are very 
close to those reported by Wang and Stanford [24] in a Mg–5 wt.% Zn subjected to similar 
aging conditions. Coarser precipitates were found in the alloy aged at 204 °C for 24 h, with 
average length and diameters of 235 ± 10 nm and 15.0 ± 2 nm, respectively. The average aspect 
ratio of the precipitates was similar for both aging conditions.  
The volume fraction of the precipitates was determined from the area fraction of the 
precipitates (measured with ImageJ) in the STEM micrographs of lamellae perpendicular to 
the c axis of the Mg matrix because the lamella thickness (around 100 nm) was equivalent to 
the average precipitate length. Thus, the volume fractions of precipitates were estimated as 2.6 
± 0.6 % and 1.8 ± 0.4 % for the materials aged at 149 °C and 204 °C, respectively. Assuming 
that the precipitates were distributed in a triangular pattern on the Mg basal plane, the average 
precipitate spacing in the plane perpendicular to the c axis of the Mg matrix, 𝜆, can be 
calculated as [43] 
𝜆 = 8 9√;< 𝑑      (1) 
where f is the volume fraction of the precipitates and d the average diameter which can be 
found above for both aging conditions. Thus, the average precipitate spacing was  
82 ± 10 nm and 152 ± 17 nm for the alloys aged at 149 ºC and 204 ºC, respectively. 
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Fig. 2. (a) Precipitate length and (b) diameter distribution after aging at 149 °C for 100 h. (c) Precipitate 
length and (d) diameter distribution after aging at 204 °C for 16 h. 
 
The types of the precipitates in Mg-Zn alloys have been analyzed in the past [34,37,38]. 𝛽+#  
precipitates appear as long rod-shaped precipitates parallel to the c axis of the Mg matrix, while 𝛽.#  precipitates are short rod-shaped precipitates parallel to basal plane of the Mg matrix and 𝛽 
precipitates are block-shaped particles with random orientations. The morphology and 
orientation of the precipitates in Fig. 1 was only compatible with 𝛽+#  precipitates. The 
diffraction patterns of the precipitates obtained by TEM were not free from the matrix 
contribution above and beneath the precipitate but the high-angle annular dark-field imaging-
STEM analysis indicated that [21'1'0]@AB ∥ [0001]DE and [0001]@AB ∥ [21'1'0]DE	, as expected from 𝛽+#  precipitates. This Laves phase has a hcp crystal structure with a chemical composition of 
MgZn2. The growth habit plane is given by (0001)@AB ||(112'0)DE with a coincident direction [112'0]@AB ||[0001]DE [38]. The a-axis of the 𝛽+#  precipitate grows parallel to the c axis of the 
magnesium matrix and the c axis of 𝛽+#  is parallel to one of the three equivalent [112'0] 
directions in the matrix. Moreover, the compact basal plane of Mg is parallel to the prismatic 
plane of the precipitate, (0001)DE||(21'1'0)@AB  [34]. Since the spacing along the a axis of 𝛽+#  
closely matches the spacing along the c-axis of the alloy matrix (i.e., good coherency) the 𝛽+# /Mg interface parallel to the c-axis of the matrix is a well ordered dislocation boundary [38]. 
(a) (b
) 
(c) (d
) 
Aged at 149 
°C 
Aged at 149 
°C 
Aged at 204 
°C 
Aged at 204 
°C 
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The 𝛽+#  phase is very stable and breakdown of coherency occurs only after long aging times, 
leading to the apparition of the equilibrium Mg2Zn3 phase with a random orientation in the 
matrix [37]. No evidence of the equilibrium Mg2Zn3 phase was found in the samples aged at 
both temperatures. In addition, scattered precipitates of the 𝛽.#  phase (MgZn2), which grows 
with a habit plane (0001)@IB ||(0001)DE [37], were occasionally found but their volume fraction 
was negligible in comparison with 𝛽+# . 
3.2. Effect of micropillar size on the mechanical properties 
The mechanical properties of the aged alloys were measured by means of micropillar 
compression tests at 23 ºC and 100 ºC. In general, the reproducibility of the tests was excellent. 
Two representative 𝜏011-e curves corresponding to 3 µm micropillars tested at  
23 ºC and two 5 µm micropillars tested at 100 ºC of the alloy aged at 149 ºC are plotted in  
Figs. 3a and 3b, respectively. Up to five tests were carried out in selected cases when the results 
of the two first tests were not very close (perhaps because of bad alignment between the flat 
punch and the micropillar surface) to obtain accurate estimations of the CRSS.  Moreover, the 
strategy to determine the initial CRSS from the 𝜏011-e curves is indicated in Fig. 3a. A straight 
line was fitted to the linear region of the elastic part of the 𝜏011-e curve (marked with A) starting 
where the concave shape of the curve (due to inhomogeneous contact between the flat punch 
and the micropillar) ends. The CRSS was given by line B, where 𝜏011-e curve deviates from 
the straight line A. 
 
Fig. 3. Reproducibility of the stress-strain curves of the alloy aged at 149 °C. (a) Compression of 3 µm 
micropillars at 23 ºC. (b) Compression of 5 µm micropillars at 100 ºC. The deviation from linearity 
criterion (as depicted in Fig. 3a) was used to calculate the initial CRSS. 
0
20
40
60
80
100
0 0.02 0.04 0.06 0.08 0.1
τ R
SS
 (M
Pa
)
Strain
(a)Mg-4 wt.% Zn aged at 149ºC/100 h
A
B
micropillar 3 x 3 µm2
23ºC
0
20
40
60
80
100
0 0.02 0.04 0.06 0.08 0.1
τ R
SS
 (M
Pa
)
Strain
(b)Mg-4 wt.% Zn aged at 149ºC/100 h
micropillar 5 x 5 µm2
100ºC
10 
 
 
The effect of the micropillar size on the 𝜏011-e curves was analyzed in the alloy aged at  
149 ºC and the corresponding curves are plotted in Fig. 4 for micropillars with dimensions in 
the range of 1 to 7 µm deformed at 23 ºC. The objective of the size effect analysis was just to 
determine the minimum micropillar cross-section to avoid large size effects and, thus, to obtain 
the bulk properties of the alloy. The results in Fig. 4 show that micropillars of 5 x 5 µm2 
provided an optimum compromise because the size effects were very small (the difference with 
the 7 x7 µm2 micropillars was only of 5 MPa in the initial CRSS and negligible in the CRSS at 
4% strain). Moreover, the curves of the 1 µm micropillar presented large strain bursts, which 
were associated with the localization of the deformation in one dominant slip band. The higher 
flow stress and the strain bursts are due to the lack of mobile dislocations to carry the plastic 
deformation because of the small pillar size. Thus, elastic stresses are built up to nucleate more 
dislocations and plastic deformation is localized in a single plane when one dislocation source 
becomes active. The 𝜏011-e curves of the micropillars of 3 to 7 µm showed smaller strain bursts 
and the plastic deformation was initially distributed along the pillar, indicating a homogeneous 
deformation. Strains bursts were negligible for the 5 µm and 7 µm pillars (Figs. 3b and 4). For 
all micropillar sizes, plastic deformation took place along the basal plane and no traces of the 
activation of twinning or slip in other systems were detected. Thus, the mechanical properties 
obtained with micropillars of 5 µm (which is between 30 to 60 times longer than the precipitate 
spacing) were free from artifacts due to size effects and could be used to determine the CRSS 
of the Mg-Zn alloys aged at different temperatures. 
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Fig. 4. Influence of the micropillar dimensions on the resolved shear stress-strain curves of the alloy 
aged at 149 ºC and tested at 23 ºC. 
 
3.3. Mechanical properties at 23 ºC and 100 ºC 
The mechanical properties of the Mg–4Zn alloy aged at 149 ºC and 204 ºC were determined 
by means of compression tests in micropillars of 5 µm at 23 ºC and 100 ºC. The corresponding 𝜏011-e curves are shown in Figs. 5a and 5b and the initial CRSS as well as the CRSS at 4% 
strain are summarized in Table 1. The features of the curves were very similar regardless of 
the aging condition and temperature. There was an initial elastic region followed by plastic 
yielding. The shear stress necessary to produce basal slip increased dramatically as a result of 
the presence of the 𝛽+# . The CRSS of basal slip for the same alloy when the Zn was in solid 
solution was measured using the same methodology in [28] and it was found that the 
contribution of solid solution hardening to the CRSS was ≈ 4 MPa. Strain hardening was 
observed in all cases after the yield point up to an applied strain of ≈ 2%. Afterwards, the flow 
stress remained constant up to the maximum applied strain of 10% and this behavior was 
associated to the localization of deformation along one of several slip bands across the 
micropillar. 
The highest values of the initial CRSS and of the CRSS at 4% at 23 ºC and 100 ºC were 
measured in the alloy aged at 149 ºC, which contained a higher volume fraction of smaller 
precipitates. Moreover, a large reduction in the mechanical properties was observed for both 
alloys with temperature from 23 ºC to 100 ºC. The initial CRSS and the flow stress at 4% strain 
decreased with temperature by 34% and 35%, respectively, in the alloy aged at 149ºC, and by 
38% and 23% in the alloy aged at 204ºC. These reductions are very important, as precipitate 
strengthening is normally considered to be independent of the temperature in so far the 
precipitates are stable. It should be noted that the experimental values of the initial CRSS values 
of the material aged at 204 °C tested at 100 ºC presented a large scatter, very likely due to 
inhomogeneous contact between the flat punch and the micropillar surface at the beginning of 
the test. However, both curves were very close to each other after initial yielding.  
To the authors’ knowledge, there are only two papers that report the CRSS for basal slip in 
precipitation-hardened Mg-Zn alloys and this information was included in Table 1 for 
comparison. Chun and Byrne [37] measured the CRSS in Mg-5.1 wt.% Zn alloy using tensile 
tests of single crystals in alloys aged at 200 ºC for 4 and 28 h. The presence of 𝛽+#  precipitates 
was ascertained by TEM but not detailed quantitative analysis of the precipitate diameter and 
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spacing was provided. Wang and Stanford [24] measured the CRSS by compression of circular 
micropillars of 2 µm in diameter of a Mg- 5 wt.% alloy aged at 150 ºC during 8 days. They 
reported the actual values of the precipitate diameter and spacing but they did not check the 
effect of the micropillar diameter on the CRSS. So, the experimental information in our paper 
provides -for the first time- reliable values of the CRSS and of the precipitate dimensions and 
spacing that can be used to check the validity of different strengthening models. 
 
Fig. 5. Resolved shear stress vs. strain curves of micropillars of 5 µm compressed at 23 ºC and  
100 ºC. (a) Mg–4 wt.% Zn alloy aged at 149ºC for 100 h. (b) Mg–4 wt.% Zn alloy aged at 204ºC for 
16 h. 
 
Table 1 – Initial CRSS and CRSS at 4% strain for basal slip of the Mg–Zn alloys as a function of the 
heat treatment and test temperature. CRSS for basal slip on similar alloys reported in the literature are 
also included for comparison. 
Composition 
(wt.%) 
Aging 
condition Test method 
Test 
temperature 
(°C) 
Initial 
CRSS 
(MPa) 
CRSS at 
4% strain 
(MPa) 
Reference  
Mg-4Zn 100 h at 149 °C 
Micro-pillar compression 
(5×5 µm2 ) 23 55.1 75.6 
Present 
work 
Mg-4Zn 100 h at 149 °C 
Micro-pillar compression 
(5×5 µm2 ) 100 36.5 48.8 
Present 
work 
Mg-4Zn 16 h at 204 °C 
Micro-pillar compression 
(5×5 µm2 ) 23 35.6 48.6 
Present 
work 
Mg-4Zn 16 h at 204 °C 
Micro-pillar compression 
(5×5 µm2 ) 100 22.1 37.6 
Present 
work 
Mg-5Zn 192 h at 150 °C 
Micro-pillar compression 
(diameter of 2 µm) 23 47.7 - [24] 
Mg-5.1Zn 4.4 h at 200 °C 
Tensile deformation of 
single crystal 27 10 - [37] 
Mg-5.1Zn 28 h at 200 °C 
Tensile deformation of 
single crystal 27 18 - [37] 
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3.4. Deformation micromechanisms 
The deformation micromechanisms were analyzed by means of TEM and TKD in the deformed 
micropillars. To this end, lamellae parallel to the vertical surfaces of the micropillars were 
milled by FIB from the middle of the pillars. Bright-field TEM micrographs of the micropillar 
aged at 149 ºC after deformation at 23 ºC are shown in Figs. 6a and 6b. Several slip bands 
parallel to the basal plane (marked with yellow broken lines) can be observed in the higher 
magnification micrograph (Fig. 6b). The deformation was more localized between bands (1) 
and (2), and it was accompanied by formation of a visible step at the micropillar surface (Fig. 
6c). The TKD map depicted in Fig. 6d, together with the selected area electron diffraction 
patterns of points (d1) and (d2) in Fig. 6b, demonstrate that deformation was dominated by 
basal slip. Changes in crystal orientation due to the activation of twinning were not found even 
in the severely deformed area between bands (1) and (2). 
 
Fig. 6. Analysis of the thin lamella extracted from the 5 µm micropillar of the material aged at 149 °C 
after deformation at 23 ºC. (a,b) Low magnification bright field TEM micrographs (c) STEM 
micrograph. (d) TKD map including the diffraction patterns corresponding to (d1) and (d2) areas in (b). 
The regions surrounded by yellow and red dashed lines in (a) are shown in (b) and (d), respectively. 
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Fig. 7. Bright field TEM micrographs showing the dislocation/precipitate interactions in the alloy aged 
at 149 ºC and deformed at 23 ºC. (a) Severe deformation of the precipitates between slip lines 1 and 2 
in Fig. 6b. (b) Precipitate shearing around slip line 3 in Fig. 6b. (c) Morphology of the fragmented 
precipitates in the severely deformed region. (d) High magnification image showing the mechanisms of 
precipitate shearing by basal dislocations. 
The mechanisms of dislocation/precipitate interaction can be ascertained in the higher 
magnification TEM micrographs presented in Fig. 7.  The 𝛽+#  precipitates that intercepted the 
slip bands 1 and 2 (Figs. 7a) were sheared by the basal dislocations. This mechanism was also 
observed also in regions that were not subjected to very severe deformation (Fig. 7b). 
Moreover, some precipitates were cut into multiple small fragments in the region between the 
slip bands 1 and 2 as a result of precipitate shearing by basal dislocations (Fig. 7c). The 
mechanisms of precipitate shearing by basal dislocations are more clearly observed in the 
higher magnification micrograph presented in Fig. 7d, which shows the formation of a kink in 
the precipitate. Thus, precipitate shearing does not seem to take place along well-defined 
crystallographic planes but involves the deformation of the precipitate along a region 
encompassing several atomic planes. The step measured at the A precipitate in  
Fig. 7d was 6.2 nm, much longer than the Burgers vector of basal dislocations (0.32 nm). This 
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result indicates that the precipitates were sheared by many dislocations. Moreover, 
fragmentation of the precipitates is more evident in the STEM tomography video given in 
supplementary material (Fig. S2). Other precipitates located near the slip band 1 were severely 
deformed to accommodate the large shear deformation around the slip band but they were not 
broken, while the 𝛽+#  precipitates located far from the basal slip bands retained their original 
shape and orientation and did not participate in plastic deformation (Figs. 7b, 7d and S2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. High magnification bright field TEM micrographs of the 5 µm pillar of the alloy aged at  
149 °C after deformation at 23 ºC. The small arrows point to basal dislocations pinned by the 
precipitates. The lamella was parallel to (011'0) with g: [2'110] in (a), (b) and (c), and to (2'110) with 
g: [0002] in (d). Basal <a> dislocations can be observed in (a), (b) and (c) (because of the beam 
condition) but not in (d) because the beam condition is not appropriate to observe <a> dislocations.  
These results demonstrate that the dislocations (indicated by red arrows) are <a> basal dislocations.  
In addition to precipitate shearing, dislocation bowing between the precipitates was also 
observed in some TEM micrographs (Fig. 8), indicating that precipitate shearing was not the 
only mechanism of dislocation/precipitate interaction. Basal <a> dislocations could be 
observed in Fig. 8 according to the two beam condition because the lamella plane was parallel 
(d) 
(0002) 
(0000) 
100 nm 
(a) 
(0000) 
(2𝟏J𝟏J0) 
100 nm 
(b)
1 (0000) 
(2𝟏J𝟏J0) 
50 nm 
(c) (0000) 
(2𝟏J𝟏J0) 
100 nm 
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to (011'0) while g was [2'110]. The dislocation contrast disappeared when the lamella was 
tilted to the (21'1'0) plane and g was parallel to [0002], indicating that they were <a> 
dislocations. It should be noted that bowing of dislocations between 𝛽+#   precipitates was also 
reported at -196ºC in [38].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. High magnification bright field TEM micrographs of the 5 µm pillar of the material aged at 149 
°C after deformation at 100 ºC. (a) Evidence of multiple slips bands, (b) and (c) shearing of 𝛽+#  
precipitates by basal dislocations and (d) precipitates transformed into globular particles within intense 
slip bands. 
 
The deformation mechanisms in the same alloy after deformation at 100 ºC can be ascertained 
from the bright field TEM micrographs of the 5 µm pillar in Fig. 9. More slip bands were 
formed along the micropillar (Fig. 9a) in comparison with micropillars deformed at 23 ºC (Fig. 
6b). The deformation was, thus, more homogeneous at 100 ºC and this is in agreement with the 
smoother stress-strain curves in Fig. 5a. On the contrary, the deformation in the micropillars 
deformed at 23 ºC was localized in fewer, more intense slip bands, which led to the appearance 
of stress drops in the stress-strain curves (Fig. 5). Shearing of the precipitates by basal 
(a) 
[0001] 
(2) 
(1) 
200 nm 
(b) 
50 nm 
(d) 
(2) 
(1) 
100 nm 
(c) 
100 nm 
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dislocations was also observed at 100 ºC and it was also associated the formation of kinks (Fig. 
9b).  It is interesting to notice that even very thick precipitates (as the one shown in Fig. 9c 
with a diameter ≈ 38 ± 3 nm) were sheared by dislocations at different sections along the length. 
Moreover, precipitates were transformed in globular particles around the more intense slip 
bands (Fig. 9d).  This globular morphology is also evident in two STEM tomography movies 
presented in the supplementary material (Figs. S3 and S4).  
It should be finally noticed that precipitate shearing was not the only interaction mechanism 
between dislocations and precipitates at 100 ºC. Bowing of basal dislocations around the 
precipitates was also observed after high-temperature deformation, as shown in Fig. 10 in the 
material aged at 204 °C. Similar results were also found for the material aged at 149 °C. 
 
 
Fig. 10. Bright field TEM micrograph of the 5 µm micropillar of the alloy aged at 204 °C after 
deformation at 100 ºC. Basal dislocations bowing around precipitates are marked with arrows. 
4. Discussion 
4.1. Interaction mechanisms of basal dislocations with 𝜷𝟏#  precipitates 
The mechanical behavior of a Mg-5.1 wt.% Zn alloy aged at 200 ºC was studied as a function 
of test temperature (from 4.2 to 300 K) by Chun and Byrne [37] by means of mechanical tests 
of single crystals whose orientations were closer to the center of the inverse pole figure.  A 
significant reduction in the CRSS with temperature was found for the peak-aged and overaged 
conditions. Moreover, the effect of the strain rate on the CRSS in the peak-aged material was 
negligible at 4.2 K and increased rapidly with temperature. It should be noted that the 
microstructure of the alloy in this paper was very similar to our Mg-4Zn alloy aged at 204 ºC 
for 16 h. These observations, in addition to the low work-hardening rate, led them to conclude 
that precipitate shearing was the main deformation mechanism, although no physical evidence 
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by TEM was provided. They supported this conclusion from the analysis of the orientation 
relationship between the 𝛽+#  precipitates and the Mg matrix because the plane (211''''0) of the	𝛽+#  
precipitates which has the highest atomic density was parallel to the basal plane of the Mg 
matrix, facilitating the shearing of precipitates. 
Further analysis of the mechanisms of dislocation/precipitate interactions in Mg alloys were 
based on the Orowan mechanisms [35,43], but evidence of precipitate shearing by dislocations 
in a Mg-5 wt.% Zn alloy subjected to similar aging conditions was provided by Wang and 
Stanford [24] after compression of one micropillar of 2 µm. Nevertheless, the small size of the 
micropillar lead to large size effects (noticed in significant strain bursts) and to very large 
values of the CRSS. In parallel, recent experimental observations have also reported precipitate 
shearing by basal dislocations in Mg-Nd [44], Mg-RE [44], Mg-Mn-Nd and Mg-Al [45] alloys. 
Nevertheless, it should be noticed that the in situ TEM observations of Huang et al. [46] in an 
Mg-RE alloy showed that basal dislocations have to pile-up at precipitate/matrix interface 
before they were able to shear the precipitate. These results are in agreement with recent 
molecular dynamics simulations by Esteban-Manzanares et al. [47] which showed that the first 
dislocation entered the precipitate but was not able to progress further, leading to the formation 
of an Orowan loop within the precipitate. The arrival of new dislocations and the stress 
concentration associated with the dislocation pile-up finally led to the collapse of the Orowan 
loop and to the shearing of the precipitate. 
The experimental observations presented in the previous section provide a clear picture of the 
interaction of basal dislocations with precipitates in Mg-Zn alloy that can be easily extended 
to other Mg alloys. Basal dislocations are easily activated due to the low CRSS for basal slip 
in Mg and they rapidly form loops around the precipitates. Experimental evidence [48] showed 
that sometimes the dislocations were attracted by the precipitate/matrix interface and preferred 
to glide along the interface rather than shear the precipitate and similar observations were 
provided by molecular dynamics simulations [47]. It should be noticed that first principles 
calculations of the generalized stacking fault energy have shown that high shear stresses are 
necessary to promote dislocation slip in these intermetallic phases [49] and, thus, several 
dislocations have to pile-up before the Orowan loop can penetrate and collapse within the 
precipitate. Moreover, precipitate shearing by basal dislocations in Mg alloys is favored 
because the Mg basal plane is often parallel to one crystallographic plane of the precipitate 
which tend to form coherent interfaces along the basal plane, which is the most closely packed. 
These crystallographic orientations corresponds to (0001)DE||(21'1'0)@AB  in Mg-Zn and Mg-Nd 
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alloys and to (0001)DE||(110)DEAKLMAIin Mg-Al alloys and lead to the shearing of very thick 
precipitates (as the one shown in Fig. 9c) by basal dislocations. Nevertheless, precipitate 
shearing in Mg alloys by either prismatic or pyramidal dislocations has not been observed 
because of the lack of crystallographic continuity between the corresponding slip planes in the 
matrix and in the precipitate [45].  
The first consequence of precipitate shearing is the limited strain hardening of Mg alloys, as 
opposed to the strong hardening associated by the formation of dislocation pile-ups in front of 
impenetrable precipitates in the absence of precipitate shearing. In addition, precipitate 
shearing facilitates the localization of deformation along slip bands (Figs. 6b and 9a) and both 
mechanisms were responsible for the constant value of the CRSS for strains > 2%.  
From the qualitative viewpoint, the mechanisms of dislocation/precipitate interaction did not 
change between 23 ºC and 100 ºC. Nevertheless, it is obvious that precipitate shearing was 
easier at high temperature, as demonstrated for the higher number of slip bands and the 
fragmentation of the precipitates within the slip bands as a result of multiple shearing along 
parallel planes.  
4.2. Strengthening mechanisms 
The initial CRSS to move dislocations in the basal plane can be computed from the addition of 
three different contributions. 𝜏NOPP = 𝜏Q + 𝜏PP + 𝜏S     (2) 
where 𝜏Q is the CRSS to move dislocations in the basal plane of pure Mg, 𝜏PP is the solid 
solution contribution and 𝜏S is due to the interaction of the dislocations with the precipitates. 𝜏Q is known to be very low for basal slip in Mg (≈ 0.5 MPa) [7,8] while 𝜏PP was determined 
experimentally in Mg-Zn alloys from mechanical tests in single crystals [37] and micropillar 
compression tests [28] and it was found to be depended on the Zn content according to 𝜏PP = 	K𝑐2/3       (3) 
where K = 3.48, c stands for the atomic concentration of Zn (in %) and 𝜏PP is expressed in MPa 
[28]. The initial Zn content in solid solution in the alloy was 1.5 at. % Zn (equivalent to 4 wt. 
%) which was reduced to approximately 0.8 at. % of Zn after the aging treatments, taking into 
account the amount of Zn necessary to form the precipitates. Thus, the contribution to the initial 
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CRSS of the Zn in solid solution was ≈ 3 MPa for both aging conditions according to eq. (3) 
and it was assumed to be independent of the temperature in the range 23ºC to 100ºC. 
The experimental observations presented above showed evidence of dislocations bowing 
between precipitates and precipitate shearing. The strengthening contribution due to the 
formation of Orowan loops around the rod-shape precipitates can be quantified according to 
[43] 𝜏XYZ[\] = ^_.9`√+ab 𝑙𝑛 eYf     (4) 
where G and 𝜈 are the shear modulus and Poisson’s ratio of Mg, b the magnitude of the Burgers 
vector, 𝜆 the average spacing between precipitates, d the average diameter of the precipitates 
and 𝑟Q the core radius of dislocations. Assuming 𝑟Q = 𝑏 and taking into account that G = 16.6 
GPa, b = 3.3 ?̇?, 𝜈 = 0.33, and the precipitate spacing and diameter given in section 3.1,  𝜏XYZ[\] = 44.6 ± 5.5 MPa and 27.2 ± 3.2 MPa for the alloys aged at 149ºC and 204ºC, 
respectively.  
Adding the 𝜏Q and 𝜏PP contributions, the predicted values of the initial CRSS given by Eq. (2) 
were 48.1 ± 5.5 MPa and 30.7± 3.2 MPa for the alloys aged at 149 ºC and 204 ºC, respectively. 
These values were close to the initial CRSS values measured at 23 ºC in both aging conditions 
(Table 1) and they are compatible with the experimental observations of dislocations bowing 
between the precipitates. Further deformation led to formation of dislocation pile-ups in front 
of the precipitates, and the CRSS increased up to the plateau observed in all the stress-strain 
curves in Fig. 5.  The accumulation of dislocations led to the shearing of the precipitates by the 
basal dislocations, in agreement with the atomistic simulations [47].  
The CRSS to shear the precipitates depends on a number of factors, which include chemical or 
interface strengthening, modulus mismatch strengthening, stacking fault energy mismatch 
strengthening, coherency strain strengthening and order strengthening [50]. Unfortunately, the 
models available to predict the contribution of each mechanism are not very reliable or depend 
on parameters that are difficult to estimate [45-46]. Nevertheless, the contribution of chemical 
strengthening due to creation of more interface area when the dislocation shears the precipitate 
is known to be very small for all systems and can be neglected. Similarly, the mismatch in the 
shear modulus along the slip plane of Mg (16.6 GPa) and MgZn2 (25 GPa [47]) is small. 
Regarding coherency strains, they may have a large impact which affects dislocation motion 
whether they shear or bow around the precipitates [50], but they have never been found in the 
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interaction of non-basal <a> and <a+c> dislocations with precipitates [45] and it seems 
reasonable to assume that they are small. Finally, no superlattice correspondence was found 
between the (0001) basal plane of Mg and the (21'1'0) prismatic plane of the 𝛽+#  precipitates 
and thus order strengthening should not be relevant in this case. Thus, stacking fault energy 
strengthening should be the most relevant mechanism in this case. This contribution is 
proportional to the differences in the stacking fault energy between the matrix and the 
precipitate, which decreases as the temperature increases [51]. This reduction in the differences 
in stacking fault energies with temperature would be responsible for the lower values of the 
CRSS at 100 ºC, as compared with those measured at 23 ºC. Further evidence showing that 
precipitate shearing was easier at 100 ºC (as compared with 23ºC) is found in Figs. 9a and 9d. 
They show that more slip bands were formed along the micropillar and that the precipitates 
were transformed into globular particles within the slip bands.  
5. Conclusions 
The effect of 𝛽+#  MgZn2 precipitates on the critical resolved shear stress for basal slip and on 
the dislocation/precipitate interactions was analyzed in an Mg-4 wt.% Zn alloy at 23 ºC and 
100 ºC by means of micropillar compression tests. The main conclusions of this investigation 
are the following: 
• It was found that the initial CRSS and the CRSS at 4% strain were independent of the 
micropillar dimensions for micropillars with a cross-section equal to or larger than 5 × 5 µm2 
because these dimensions were much larger than the precipitate spacing. Thus, the CRSS for 
basal slip in the bulk alloy was obtained from these tests as a function of the precipitate 
spacing and temperature.  
• Transmission electron microscopy showed that the interactions between basal dislocations 
and 𝛽+#  precipitates involved a mixture of dislocation bowing around the precipitates and 
precipitate shearing. The latter did not take place along well-defined crystallographic planes 
but involved the deformation of the precipitate along a region encompassing several atomic 
planes.  
• As a result of shearing, deformation was localized in slip bands leading to constant CRSS 
at strains larger than 2%. Both the initial critical resolved shear stress and the plateau stress 
decreased significantly (by 34% to 35%) between 23 ºC and 100 ºC. The initial CRSS at 23 
ºC was in good agreement with the predictions of the Orowan model assuming that the 
dislocations bow around the precipitates but the reduction in the CRSS with temperature was 
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associated to the increase in the number of slip bands and in the fragmentation of the 
precipitates due to successive shearing by the dislocations. 
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Fig. S1. STEM tomography of the material aged at 149 °C before deformation, showing the rod-shaped  𝛽+#  precipitates which grew parallel to the c-axis of the Mg matrix.  
Fig. S2. STEM tomography of the material aged at 149 °C, showing the morphology of the 𝛽+#  
precipitates after room-temperature deformation. This tomography was obtained from an area between 
slip bands (1) and (2) in Fig 7a.   
Fig. S3. STEM tomography of the material aged at 149 °C, showing the morphology of the 𝛽+#  
precipitates after deformation at 100 °C. This tomography was obtained from an area between slip bands 
(2) and (4) in Fig 9a.   
Fig. S4. STEM tomography of the material aged at 149 °C, showing the morphology of the 𝛽+#  
precipitates after deformation at 100 °C. This tomography was obtained from an area between slip bands 
(1) and (2) in Fig 9d.   
 
 
 
 
